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ABSTRACT 
In rail track environments the loading system is cyclic unlike the monotonic seepage force that usually occurs in 
embankment dams. The mechanisms of filtration, interface behaviour and time-dependent changes of the 
drainage and filtration properties occurring within the filter medium require further research to improve the 
design guidelines. A novel cyclic process simulation filtration apparatus was designed and commissioned at the 
University of Wollongong, and a standard testing procedure was established. The test apparatus was designed to 
simulate heavy haul train operations. Key parameters that influence the change in porosity and pore water 
pressure within the sub ballast layer under cyclic conditions in rail track environments were identified. 
1 INTRODUCTION 
In rail track environments, the seepage hydraulics through porous media are influenced by the cyclic mechanical 
loading generated by the passing trains. The sub ballast, which dissipates the stress transferred from the overlying 
ballast layer, also acts as a filter layer that minimises the adverse effects of clay pumping and hydraulic erosion 
coming from the sub grade. 
The key parameters that influence change in seepage hydraulics within the sub ballast were studied in detail in a 
controlled laboratory setup. The subballast was subjected into a series of tests that closely simulate one of the 
worst-case field situations with respect to drainage and filtration. In general, the objective of the investigation 
was to monitor the performance of a granular filter which was previously identified as satisfactory based on 
existing available filtration criteria. This paper presents the short-term observations of saturated, cohesionless 
sub ballast (as filter layer) subjected to cyclic loading and clay pumping using the state-of-the-art modified 
filtration apparatus. 
2 TEST MATERIALS AND METHODOLOGY 
2.1 TEST MATERIALS 
In current industry practice the inclusion of a layer of sub ballast involves typical road base material with 
particles ranging from 0.075 to 20 mm. A naturally well-graded, commercially and locally available crushed 
basaltic rock road base was used as a granular filter. It was carefully sieved into a range of sizes, then washed, 
oven-dried and mixed into a predetermined particle size distribution (PSD). The PSD of the filters Fl to F5 is 
shown in Figure 1. 
To minimise base particle flocculation a low plasticity (LL = 48%, PI = 29%), highly dispersive and erodible 
silty clay (ASTM D4647) was used as the base soil. The slurry was formed by mixing 1500 g of dried fine base 
soil powder with 8 litres of water and then introduced into the subballast from the bottom of the permeameter 
using a computer controlled pump, to simulate clay pumping. A constant water pressure of 15 kPa was calibrated 
to adhere to a typical in situ excess pore water pressure associated with liquefaction (Chang et aI., 2007). The 
PSD of the base soil obtained by using a Malvern particle size analyser is also shown in Figure 1. 
1 This paper was presented at the Sydney Chapter YGP meeting in September 2008 
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Figure 1: The particle size distribution of the filters and base soil used in the tests. 
In preparing the specimen, a 10 kg plate of 225 mm diameter is placed on top of a 30 mm layer of granular 
material before the shaking table is switched on for approximately 30 seconds. This method is preferred over the 
compaction method in order to prevent unwanted breakage of the particles. This is done five more times until 
150 mm of thickness is achieved. The calculated relative densities are above 97%. The summary of the initial 
filter material properties is shown in Table 1. 
Table 1: Summary of filter properties used in the completed tests. 
Test Filter With Freq. Cu no Ydry Rd 
No. Type SlurrI (Hz) (kN/m3) (%) 
1 Fl -.j 5 5.4 34.94 16.3 98.1 
2 Fl X 5 5.4 34.92 16.3 98.4 
3 F2 -.j 5 9.1 31.22 17.1 97.7 
4 F2 X 5 9.1 31.19 17.1 97.8 
5 F3 -.j 5 9.4 27.52 18.1 98.7 
6 F3 X 5 9.4 27.48 18.1 98.1 
7 F4 -.j 5 17.1 28.71 17.1 98.7 
..-< 8 F4 X 5 17.1 28.81 17.7 98.1 
<II 9 F5 -.j 5 18.0 28.23 18.0 98.7 ~ 
ell 
,.Q 10 F5 X 5 18.0 28.30 18.0 98.1 ~ 
11 F3 -.j 10 9.4 27.45 18.1 98.4 
12 F3 -.j 15 9.4 27.48 18.1 98.2 
13 F3 -.j 20 9.4 27.50 18.1 98.4 
== ,~: 14 F3 -.j 25 9.4 27.56 18.0 98.3 
<II 15 Fl -.j 15 5.4 34.87 16.2 98.8 ~ 
ell 
,.Q 16 FI -.j 25 5.4 35.03 16.2 97.2 ~ 
Notes: f = frequency; Cu = uniformity coefficient; no = initial 
porosity; Ydry = dry unit weight. 
2.2 NOVEL CYCLIC LOADING PERMEAMETER 
The standard constant head permeameter (Figure 2) had to be modified in order to carry out the simultaneous 
action of dynamic train loading and clay pumping. The change in vertical hydraulic gradient was monitored with 
pressure transducers. Soil moisture sensors based on the concept of Amplitude Domain Reflectometry (ADR) 
were calibrated to measure the real-time changes to filter porosity. All these devices were connected to a data 
acquisition system. The effluent flow rate was determined at regular intervals and samples were taken to 
measure turbidity. The thickness of the specimen reflects the typical depth of sub ballast used on the actual rail 
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track (Selig and Water, 1994) while a diameter of 240 mm was chosen to minimise the effect of higher vertical 
seepage along lhe side of the cell. The key features of the permeameteL the calibration of the ADR probes and 
the procedure ror preparing the test specimen for the novel filtration appmalUs are discussed in detail by Trani 
and Indraratna (2009). 
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Figure 2: Schematic of the cyclic loading permeameter setup. 
2.3 EXPERIMENTAL PROGRAM 
The cyclic wheel load simulating a typical heavy haul train was replicated in the modified permeameter, by 
imposing a uniform cyclic stress via a dynamic load actuator over a specitIed number of cycles and at a desired 
frequency. Every specimen was subjected to a minimum stress of 30 kPa and a maximum stress of 70 kPa which 
is comparable to the vertical stress measurements induced by heavy haul freight trains recorded at the Bulli 
(NSW, Australia) experimental track (Christie, 2007). 
-f= pseudo-static 
-N= 100,000 
Sieve analysis 
for trapped fines 
Figure 3: Experimental program. 
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The laboratory investigation was organised in 2 phases (Figure 3). In the first half of phase 1, non-slurry pseudo-
static filtration tests were conducted to investigate the internal stability of the chosen filters (Kenney and Lau, 
1985). Pseudo-static tests are cyclic tests run at a frequency of :; Hz. These tests served as a control for the 
corresponding slurry filtration tests. Effluent turbidity readings \1 ere used to indicate internal stability. All filter 
types, including those that exhibited washout and poor drainage capacity, \;vere subjected to slurry filtration tests 
during the second half of Phase 1. All these tests were terminated after 100,000 cycles. 
Filters that were considered acceptable after Phase 1 were subjected to Phase 2 slurry filtration tests. These tests 
were conducted while the loading frequency was increased to a predetermined level. All the specimens were 
fresh and the tests were terminated after 100,000 cycles. Filters that showed acceptable filtration and drainage 
potential under increased loading frequency were subjected to long-term filtration tests of up to 1 million cycles 
or until the filter failed under the drainage capacity criterion. The one-dimensional saturated vertical 
permeability of the filter, which indicates drainage capacity, was calculated using Darcy's law. To ensure a 
steady-state laminar flow (the average Reynolds number Re, was 0.117), the pressure difference across the 
sample and the effluent flow rate used in the calculations were those recorded when the cyclic load was stopped, 
while keeping a surcharge of 15 kPa. Post-test analyses for every test where trapped fines were collected during 
wet and dry sieving were carried out. 
3 DEFORMATION CHARACTERISTICS OF GRANULAR FILTERS UNDER 
CYCLIC LOADING 
The accumulation of compressive and frictional plastic deformation is one of the major causes of geometric 
deterioration of railway substructures. In order to obtain a better understanding by way of a detailed analysis of 
track deterioration it is imperative to study the mechanical behaviour of the individual granular components 
during cyclic loading. 
3.1 PSEUDO-STATIC LOADING 
The effect of cycling the stress between two fixed limits (0min = 30 kPa, 0 max = 70 kPa) is shown in Figure 4. 
For all filter types, rapid strain development occurred during the first 7,500 cycles and eventually attained 
stability at about 20,000 cycles. This compression behaviour for all sub ballast types was uniform with respect to 
the number of load cycles irrespective of its grading or the range of particle sizes it is composed of. The 
introduction of base soil during slurry tests does not alter the strain development behaviour of the filter. 
As shown in Table 1, all specimens were prepared to attain a dense state. Since there was no lateral strain during 
the tests, the axial strain was exactly equal to the volumetric strain. In several cycles ofloading, only a portion of 
the strain that occurred while loading was recovered during subsequent unloading. The strains that resulted from 
sliding between particles or from fracturing of particles were largely irreversible. The rebound upon unloading 
was caused by the elastic energy stored within the individual particles as the soil was loaded (Whitman, 1963). 
There is some reverse sliding between particles during unloading. The sequence of events during cyclic loading 
can be explained by using results fTOm a theoretical study of an ideal packing of elastic spheres (Miller, 1963). In 
a one-dimensional array of elastic spheres, the normal forces at the contact points compress the spheres, but 
sliding occurs so that the resultant relative motion is purely vertical. Upon unloading, the particles regain their 
original shape and sliding occurs in the reverse direction. Some small amount of energy is absorbed during each 
loading cycle. The same general pattern of events must occur in actual soils. 
During confined compression, particle motions are on the average in one direction only. Thus when the 
tangential contact forces are summed over the many contact points lying on some surface, there should be a net 
tangential force (i.e., a net shear stress on the surface). In general, the horizontal stress differs from the vertical 
stress during confined compression, and its ratio is defined as Ko (the lateral stress ratio at rest). 
When a granular soil is loaded for thefiTst time, the frictional forces at the contact points act in such a direction 
that Ko < 1. During unloading, the direction of the frictional forces at contact points between particles begins to 
reverse during unloading. For a given vertical stress, the horizontal stress becomes larger during unloading when 
compared to the original loading. At some later stages of unloading, the horizontal stress may even exceed the 
vertical stress. During cyclic loading and unloading, the lateral stress ratio alternates approximately between Ko 
and IIKo (Lambe and Whitman, 1969). 
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Figure 4: Development of strain under cyclic loading for all filter types during 
(a) non-slurry test, and (b) slurry tests. 
3.2 IMMEDIATE RESPONSE TO CYCLIC LOADING 
The cyclic evolution of the axial strain showed that more than half of the compaction of the granular material 
was generated during the first 400 load cycles (Figure 5(a». Within this period (approximately 80 s for a 5 Hz 
load frequency), higher levels of permanent strain resulted from each cycle until a stable hysteresis loop (Lambe 
and Whitman, 1969) was obtained, generating little or no additional permanent strain for a cycle of loading. This 
characteristic of a particulate system is known as the conditioning phase (Galjaard et al., 1996) wherein the 
elastic deformation decreases considerably and the material becomes stiffer. 
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The strains resulted primarily from the collapse of a relatively unstable arrangement of particles. As the stress 
was increased, the relatively loose array of granular particles co[[apsed into a more tightly packed and stiffer 
configuration. Finally, a stage was reached in which the Cllready dense arrangement was being squeezed more 
tightly together as contact points crushed, thus allowed a little more sliding. This phase is named as cyclic 
densification (Suiker and de Borst, 2003) where the elastic deformation did not significantly change further. 
Figure 5(b) illustrates a marked increase in secant constmined modulus at about 400 cycles. Prior to the 400-
cycle point, the lower magnitude of constrained modulus is related to the rapid axial deformation of the filters. 
As the filter stiffness increased as it is loaded and reloaded, the subsequent recorded defOlmation tapered off and 
stabilised. Also, for a given relative density (almost 100%, see Table 1), the starting modulus of the angular filter 
decreased as the particle size and grading led to a smaller voids ratio. However, the effect of composition was 
bound to disappear during subsequent cycles of repeated loading (Lambe and Whitman, 1969). 
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Figure 6: Effect of base soil intrusion to the strainporosity 
relationship of the filters during cyclic loading. 
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4 STRAIN-POROSITY RELATIONSHIP OF GRANULAR FILTERS UNDER 
CYCLIC LOADING 
4.1 PSEUDO-STATIC LOADING 
Repeated loading on a confined assembly compresses the granular mass. The compression of the granular filter 
was observed to go together with the reduction of the voids of the filter medium skeleton. The reduction of the 
inter-particle voids, which effectively reduces the porosity, could be caused by repositioning of the particles. 
This could also be due to the filling of the voids by the relatively smaller particles present in the matrix or the 
fines generated by the attrition or breakage. The amount of fines coming from thc degradation of filter grains 
with time, which has a potential to become part of the filter skeleton or may fill the voids, is of insignificant 
level. The average mass percentage of fines less than or equal to 150 f.1ill produced after test is less than 5%. This 
is mainly explained by the existence of optimum internal contact stress distribution and increased inter-particle 
contact areas. 
Figure 6 shows the strain-porosity characteristics of each of the filter types used in the experimental program. In 
general, as the axial strain developed due to cyclic loading, the recorded filter porosity reduced. As shown earlier 
in Figure 4, the maximum amount of accumulated plastic strain was different for each filter type, hence, the 
separation of the plots. During non-slurry tests, the reduction of the porosity of the filters is linearly related to 
their respective strain development and this creates the compression plane. Upon reaching the stable level of 
strain, no further reduction of porosity could be observed. 
During slurry tests, however, the filter porosities were gradually reduced. This was an indication that the filter 
interstices were being filled with base soil particles as the number of loading cycles increased. The recorded 
reduction in porosity during slurry tests, therefore, is the combined effect of compression and reduced voids 
sizes due to trapped base soil particles within the filter voids. 
The change in measured porosity between the non-slurry (control) and slurry (actual) filtration tests is shown in 
Figure 7. Filters with lower values of Cu exhibited a more consistent capacity of trapping fines. For highly well-
graded filters CF4 and F5), extreme behaviour is revealed. A correlation between the filter's Cu and its efficiency 
in trapping fines is premature at this stage. 
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Figure 7: Measured change in porosity for filters F1 to F5. 
4.2 INCREASED LOADING FREQUENCY 
360 
Figure 8 shows a comparison of the porosity-strain relationship between a well-graded filter (F3) and a 
uniformly graded filter (F1). The compression plane is the plot of the measured change in porosity during non-
slurry tests. Based on Figure 8(a), an apparent threshold frequency of 10 Hz is shown wherein a minimum 
change in porosity reading was recorded. Comparing this to the 5 Hz test, the 10 Hz test took 170 min less to 
complete 102,000 cycles. Assuming that the capacity of the filter to capture fines was not affected by the change 
in frequency, this test completion time difference explains the difference in the porosity measurements. The 
longer the filtration tests are conducted, the more base particle fines are captured withill the filter voids. 
~owever, increasing the frequency to 15, 20, and 25 Hz (thus correspondingly reducing the test completion 
tIme) showed a rapid decrease in porosity readings. The filter is affected with variation in frequency and is 
unpredictable over time. 
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The porosity-strain behaviour of the L1ni formly graded filter eFI) is more predictable over time (Figure 8(b)). The 
difference in test completion time played a role in the amount of reduced porosity. Unlike filter F3, the \ariation 
in frequency did not alter the capacity 01' tile filter to capture base soil particles. 
The deformability of the pore medium itself affected the filter condition due to the changes in porostty and 
hydraulic conductivity. Soil particle accumulations inside the filter layer may lead to stable or unstable filter 
capacity. However, the apparent equilibrium is endangered by the changing ofload conditions, mainly caused by 
the loading frequency of applied stresses and the development of high hydraulic gradients in and underneath the 
filter. 
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Figure 8: Porosity-strain relationship for a (a) well-graded filter F3, and (b) uniformly graded filter Fl. 
5 SEEPAGE HYDRAULICS OF GRANULAR FILTERS UNDER CYCLIC 
LOADING 
5.1 TURBIDITY MEASUREMENTS AND TRAPPED FINES 
Measuring the turbidity of the effluent during filtration tests is a useful indicative tool of the level of washing out 
within the filter. The washed out particles could be coming from an internally unstable filter or the slurry 
particles escaping through the filter voids. For the turbidity measurements of all filter types (Figure 9(b )), filters 
F2 and F5 showed high turbidity readings that signal filter ineffectiveness at pseudo-static level. Further tests of 
increased loading frequencies for filters Fl and F3 showed an increase in turbidity reading. However, a high 
turbidity reading may not necessarily mean excessive washout similar to clay pumping and hydraulic erosion 
scenarios. A post-test sieve analysis would determine how effective the filter is in trapping base soil particles. 
Post-test wet and dry sieve analyses at every 30 mm layer were conducted for each of the tests. Figure 9(a) 
shows the amount of trapped fines collected through the profile of each of the filters. As expected, high amount 
of base soil fines were collected at the interface bottom layer (layer 1). Apart from F4, all other filter types 
exhibited the capacity to capture fines during pseudo-static filtration tests. Filter F4, on the other hand, failed to 
demonstrate its capacity to capture fines within its voids as clogging occurred at the filter-slurry interface. No 
further tests were performed on filter F4. 
The collective amount of captured fines for all layers of filter F3 is in the average of 80% (Figure 10(a)). The 
captured fines of 50 g at the top level (level 5), on the other hand, showed the proximity of the fines to being 
expelled at the top surface. This illustrates the possibility that a substantial percentage of the fines collected 
during the post-test wet and dry sieving were the transient fines captured during the termination of the test. The 
agitation generated by the increased loading frequency caused these transient fines to get washed out as shown 
by the high turbidity measurements in Figure I O(b). 
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Figure 10: For filter F3: (a) trapped fines collected through post-test wet and dry sieving and 
(b) effluent turbidity measurements during slurry tests. 
Filter Fl exhibits a relatively high collective amount of accumulated fines of the first 2 layers (Figure I 1 (a»)This 
is an indication that the slurry base soil particles were contained within the bottom half of the filter. Furthermore, 
the gradual decrease of the profile of accumulated fines as the loading frequency increased showed a time-
dependent filtration behaviour. All tests in Phase 2 were conducted to a maximum of 100,000 cycles and a 
shorter period of time was required to complete a test conducted at a higher frequency. The corresponding 
turbidity measurements taken on the effluent of the slurry filtration tests on filter FI are shown in Figure ll(b). 
Looking at the first three layers from the bottom, the average accumulated tInes in F3 exceeded 35% when 
compared to that of FI. Comparing the average accumulated fines from the upper layers 4 and 5, the collective 
amount in F3 has increased to about twice as much as that of FI. This amount of fines in the upper half of F3 
represents the base particles that escaped through the constrictions at the lower layer that also have the potential 
of getting flushed toward the filter surface. 
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Figure 11: For filter FI: (a) trapped fines collected through post-test wet and dry sieving, and 
(b) effluent turbidity measurements during slurry tests. 
5.2 SHORT-TERM DRAINAGE PERFORMANCE 
The water must be permitted to drain freely out of the deforming soil and filter sample so that the reduction of 
the pore volume is exactly equal to the volume of pore fluid expelled perpendicular to the sub ballast layer. 
Adequately designed filters should resist the imposed load conditions in an acceptable way, whether this flow is 
directed in opposite directions or caused by steady or changing hydraulic gradients, or cycling load conditions 
occurring with and without rapid load changes and dynamic influences. 
Looking into the seepage characteristics of the filters, Figure 12(a) shows the behaviour of measured tilter 
hydraulic conductivity (k) during slurry filtration tests with pseudo-static loading. The values of k for filters Fl, 
F3 and F4, which lie above the 10.5 mls threshold (Lambe and Whitman, 1969; Head, 1982), indicate that both 
filter types possess good drainage capacity. In contrast, filters F2 and F5 are categorised as poor drainage 
granular layers. The presence of at least 15% very fine sand in well-graded filters F2 and F5 (eli::: 9) effectively 
reduced the values of k of the whole filter matrix. In Figure 12(b), a decrease in values of k is observed for all 
filters subjected to slun'y filtration tests. The subsequent values of k for filters F2 and F5 deteriorated close to the 
k-value of a loosely compacted base soil. 
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Figure 12: Measured hydraulic conductivity ofthe filters during (a) non-slurry, and (b) slurry filtration test 
under cyclic loading. 
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EXPEWMHHAL INVfiSTIGATlONS INTO'1J8il\ti;"llJ'~';~I~jrt1I\II{JN BEHAVIOUR UNDER CYCLIC 
CONDITIONS TRANI & INDRARATNA 
6 CONCLtrSIO/'JS\,\[) UH'O\f'fI'NIMI'JONS 
Grading properties, such as Cu, the amollnt 01 filll ' .. III'! , "III,,,ln;'( ,i;, . ",wll "vll(' \t.ading frcqllcncy were 
[()lind to be the main factors that inf1uencc lIw 111(,11.1111, ,,f ,iLll,', I. "I.. ",d.,"PiI}',\' hydl':llIlics or s\lhhallast 
under cyclic conditions. The intrusion of fines eI';JlI!'.".! II" !"IIIi. I,' ,J" ;juI1il)!I'h~Ii(H the.: suhbllll:lst soils and 
significantly affected its drainage behaviour. 
It was shown in this investigation that a combination (II I\lvl! Co, .lIill.;'I.!J!\cvhQ:(.ji.\i·~t!iJJQHUlies PO'% line 
gravel, 20% fine sand) is ineffective in trapping thc IIIlCS wltli!" 11;,\,*1, l;ij611l;"rOffni\di,UIj~',~I$jJO~lcd thnt 
uniformly graded subballasts with not more than 30'Yo fillc sa lids (\1,11 (id.>Ij\Hl!~l uro:!.5 to (1.4a~i)tll\) hiid nil 
enhanced filtering capacity. Due to the lack of mechanical resistatlce ill"aiflf{lli~illt!.\l"\(ljl'n1"ft(}IJ','tbell.pplk(l(i\)1l 
of cyclic stress to uniformly graded subballasts results in a reduct illll il1 porllshy thti(';(l11dQI'!I'li~ Iillcr m()l'\.' 
effective in trapping migrating fines. Moreover, this intrusion of fines clHllIg~$ tlwf1S1J urlhe IJubualltlS! soils 
and significantly affects its drainage which further reduces porosity. In particular, (Ill: ((n:mat1011 ot'the C~scntial 
internally stable self-filtration layer at the base soil-filter interface was observed. 
The apparent equilibrium of the filter could still be endangered by changing load cunditions caused by the 
loading frequency of applied stresses and development of high hydraulic gradients itt and under the filter. 
Throughout the study, only a single type of base soil and its slurry concentration and pumping rate were used. 
Furthermore, the aspects of a triaxial stress system, the presence of lateral hydraulic gradient, and the 
physicochemical aspects of filtration and clogging were not considered. Nevertheless, the combination of 
materials and methods used in this experimental investigation represented one of the worst possible scenarios in 
the field. 
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